African Americans in the United States have been affected disproportionately by the human immunodeficiency virus type 1 (HIV-1) epidemic. They accounted for only 13% of the U.S. population but for 47% of AIDS cases diagnosed in the United States in 2006 (14, 17 ). An HIV-1 vaccine would be of enormous benefit to this subpopulation. One strategy for HIV-1 vaccine development seeks to capitalize on the recognition and destruction of HIV-1-infected cells by cytotoxic T lymphocytes (CTLs) (32, 33, 35) .
CTL recognition is critically dependent on binding, presentation, and cell surface display of a variety of antigenic peptides (epitopes) by extremely polymorphic human leukocyte antigen (HLA) molecules. As the relative importance of increasing numbers of HIV-1 epitopes for individual HLA class I molecules has been recognized (9, 16) , the feasibility of developing a vaccine tailored to every epitope and HLA specificity has come to seem more remote. Conceptualization of epitope specificity in terms of broad groupings (supertypes) of HLA molecules may provide a rational but simpler approach to this challenge.
Several efforts have succeeded at consolidating the huge spectrum of individual HLA class I alleles into four HLA-A and five HLA-B supertype categories (37) (38) (39) , based on the ability of different HLA class I molecules to present similar epitopes. Unlike individual allele frequencies, which vary greatly across ethnic groups, all nine supertypes (comprising most, but not all, HLA-A and HLA-B alleles) are present in all human populations. This more uniform representation of allele groups may confer an advantage in the form of balancing selection (38) .
HLA alleles within one supertype that share epitope binding specificities might be expected to demonstrate similar associations with HIV-1 outcomes or vaccine response; conversely, alleles within a supertype that differ substantially in function might be expected to show differential responses to natural infection or vaccines designed on the basis of supertype (2) . Functional heterogeneity of alleles within the supertypes could be due to differences in the class I alleles themselves (e.g., variable epitope avidity or tolerance to viral mutations), in host background (genetic epistasis), or in the virus (e.g., claderelated epitope specificities or viral escape).
Previous work has detected associations between the HLA class I supertypes and HIV-1 outcomes for Caucasians with clade B infections (34, 44) and for native Africans with clade A or C infections (23, 28) . We are unaware of studies among African Americans in the context of clade B HIV-1 infection or of any systematic attempt to tease apart the independent contributions of supertypes and their individual class I alleles to HIV-1 outcomes. Here we document the frequencies of the HLA class I alleles and supertypes in the Reaching for Excellence in Adolescent Care and Health (REACH) and HIV Epidemiologic Research Study (HERS) cohorts, and we report the relative effects of those alleles and supertypes on the degree of HIV-1 disease control.
MATERIALS AND METHODS

Subjects.
We analyzed the population frequencies of HLA-A and HLA-B supertypes and their effects on HIV-1 disease control among the combined subsets of 338 African American adolescents and women from the REACH and HERS cohorts. The details of the study design and data structure of each entire cohort have been described elsewhere (31, 41, 45) . African American race/ ethnicity was self-reported by all study participants in a questionnaire with four race/ethnic categories (i.e., African American, Caucasian, Hispanic, and Native American). In brief, the REACH cohort is a prospective cohort of HIV-1-infected and high-risk uninfected adolescents from 13 U.S. cities. Of the 355 seropositive participants (71% African American, 75% female, and 91% with CD4 ϩ T-cell count of Ն200 cells/ml) accrued by March 2001, 227 participants, selected for their outcomes during the treatment-free follow-up intervals, were included in the genetic analysis (66% African American, 75% female, median age of 18 years, and 93% with CD4 count of Ն200 cells/ml) (45) . Hence, our subset of 161 African Americans well represented the entire REACH cohort, according to both demographic (71% female, with a median age of 18 years) and clinical (93% with CD4 count of Ն200 cells/ml) characteristics.
The HERS cohort is a larger multicenter prospective cohort including 871 HIV-infected women (60.3% African American, median age of 35 years, and 83% with CD4 count of Ն200 cells/ml) (41) . Genetic analysis was performed on 286 eligible women (62% African American, median age of 34 years, and 86% with CD4 count of Ն200 cells/ml), selected for their HIV-1 outcomes during the treatment-free follow-up intervals. From these 286 women, 177 with complete HLA data and complete viral load (VL) and CD4 count data during the treatment-free interval were included in this study. These 177 individuals were similar to the global HERS cohort by age (median age, 35 years) and immunologic profile (86% with CD4 count of Ն200 cells/ml).
HLA class I typing. HLA class I alleles were typed by PCR with sequencespecific primers, using a commercial kit (Pel-Freez/Invitrogen, Brown Deer, WI). A higher resolution of the HLA class I alleles was achieved by reference-strand conformation analysis, followed by sequence-based typing for ultimate resolution of remaining ambiguities in allele definitions (43) .
Supertype assignment. HLA class I alleles were grouped into four HLA-A and five HLA-B supertypes according to the framework of Sette and Sidney (38, 39) , which served as a benchmark for most previous research on the role of HLA class I supertypes in HIV-1 infection.
HIV-1 outcomes. Assessments of HIV-1 RNA VL in REACH and HERS participants were performed by nucleic acid sequence-based amplification (NASBA) (NucliSens; Organon Teknika, Durham, NC) and Quantiplex branched-chain DNA (b-DNA) assay (Chiron Corp., Emeryville, CA), respectively. Values determined by NASBA for the REACH cohort were predictably higher than those determined by b-DNA assay for the HERS cohort (29) . CD4 counts were quantified by an AIDS Clinical Trials Group standard flow cytometry protocol. At least three consecutive VL and CD4 count measurements were collected for all study participants over 3-to 6-month intervals of antiretroviral treatment-free follow-up. Based on combinations of average values of VLs and CD4 counts over those intervals, the subjects were further categorized into 76 HIV-1 disease "controllers" (VL of Ͻ1,000 copies/ml and CD4 count of Ͼ450 cells/ml), 93 "noncontrollers" (VL of Ͼ16,000 copies/ml and CD4 count of Ͻ450 cells/ml), and 169 "intermediates" (any other combination of VL and CD4 count). Threshold viral loads used to categorize subjects were based on their division into quartiles: 1,000 copies/ml was the threshold for the lowest quartile and 16,000 copies/ml was the threshold for the highest quartile (rounded to the nearest 1,000 integer).
Statistical methods. Ordinal categories of HIV-1 disease control were analyzed by Cochran-Mantel-Haenszel 2 test and proportional-odds logistic regression. Although the latter approach was based on the assumption of constant change in the effect of a genetic marker(s) from one disease control category to another, it successfully captured the differences in both VL and CD4 count, as reflected by disease control categories. The associations between the genetic markers and continuous repeated CD4 counts were tested by linear growth models (also known as random-coefficient models) (40) . The effects of the HLA class I supertypes and individual alleles on CD4 count were tested for associations with significant changes throughout consecutive patient visits. In the absence of interaction between HLA class I supertype and time, the estimates of supertype effect corresponded to average differences in VL or CD4 count within the follow-up, for as long as 12 months. These estimates were further adjusted for participation in one or the other cohort, patient age at baseline, and other HLA and non-HLA covariates, as applicable. The best model fit was achieved with an unstructured correlation matrix based on the lowest Akaike information criterion (5) . Fixed effects from mixed models were used to estimate the associations between the HLA markers and continuous HIV-1 outcomes. By extending the supertype analysis to the genotype level, we introduced a hierarchical data structure with up to 15 hypothetical supertype combinations for HLA-B and up to 10 for HLA-A, according to the following formula:
where n reflects the spectrum of HLA-A (n ϭ 4) or HLA-B (n ϭ 5) supertypes and k ϭ 2, corresponding to paternal and maternal HLA-A or -B supertypes present in each individual, hereafter referred as genotypic supertypes (GS).
Pearson's correlation coefficient (r) was used to assess the linear relationship between the GS frequencies and HIV-1 outcomes. We used multilevel analysis with random-coefficient linear regression (40) to investigate the difference in VLs between the GS. In these single multilevel models, both the higher-level (i.e., supertype) and lower-level (i.e., individual class I alleles and their population frequencies) predictors were analyzed together. These models were used to quantify percent changes in explainable viral load variation, as predicted by each individual HLA class I marker.
The multiple imputation procedure (1) with the Markov chain Monte Carlo technique (36) was used to account for a few missing repeated outcome measures (24 VL and 38 CD4 count values). The normality assumptions for all continuous variables were validated via the Kolmogorov-Smirnov test (SAS 9.1.3; SAS, Cary, NC), and log 10 VL transformation was performed to achieve normality in the VL distribution.
The thresholds for designating alleles at HLA-A and HLA-B as "infrequent" were based on the median allele frequency (5.3% and 4.4%, respectively) in each population (2N). SAS 9.1.3, SAS/Genetics (Statistical Analysis Software Institute, Cary, NC), GraphPad Prism 4.0 (La Jolla, CA), and PopGene 1.32 (http: //www.ualberta.ca/ϳfyeh/index.htm) were used to analyze the data. Allele and supertype carriage frequencies were calculated by dividing the number of subjects carrying a particular allele by the total number of subjects (1N), whereas population genetic marker (i.e., allele or supertype) frequencies were calculated by dividing the total number of individual marker copies by the number of chromosomes (2N).
RESULTS
Descriptive statistics. The average age of the population was 27 years (median, 25 years; range, 13 to 54 years) ( Table 1) . Females (n ϭ 307) accounted for 91% of the total study population (n ϭ 338). The average population mean and median CD4 counts for all study subjects at all visits were 515 cells/ml and 476 cells/ml (range, 0 to 1,461 cells/ml), respectively. Both the mean and median log 10 VL values were 3.6 copies/ml (range, 1.0 to 6.7 log 10 copies/ml). Overall and cohort-specific distributions of log 10 VL and CD4 count measurements conformed to normality (Kolmogorov-Smirnov P Ͼ 0.1).
A somewhat higher median log 10 VL was observed for REACH (3.8 log 10 copies/ml) than for HERS (3.5 log 10 copies/ ml) participants, whereas median CD4 counts for these two subcohorts were nearly identical (477 versus 475 cells/ml). There was no significant difference among the subcohorts in the prevalence (1N) of either HLA-A or -B supertypes (all P values were Ͼ0.2).
The HLA-A3 supertype (A3s) had the highest population (2N) frequency (38%) and the highest carriage (1N) frequency Table 2) . Inconsistencies in favorable and unfavorable associations with disease progression were detected for most of the HLA-A supertype alleles. The patterns remained unchanged after excluding two alleles that appeared to be associated with protection in our analysis (P Ͻ 0.01): A*32, an allele that has been associated with protection elsewhere (13, 21, 44) , was excluded from A1s; and A*74, associated with favorable HIV-1 outcomes here only, was excluded from A3s.
In (9) 37 (11) 66 (10) A2s 78 (24) 83 (24) 161 (24) A24s 89 (28) 103 (29) 192 (28) A3s 126 (39) 131 (37) 257 (38) B7s 146 (45) 152 (43) 298 (44) B27s 56 (17) 56 (16) 112 (16) B44s 70 (22) 69 (20) 139 (21) B58s 45 (14) 68 (19) 113 (17) B62s 5 (2) 9 (2) 14 (2) a P Ͻ 0.05 for differences in between the individual cohorts. b HLA-A and -B supertype distributions are based on their population (2N) frequencies.
c Corresponding to 1/2 log 10 VL for plasma HIV-1 RNA level of Ͻ80 copies/ml. a Disease control categories were based on the average favorable (controllers; VL of Ͻ1,000 copies/ml and CD4 count of Ͼ450 cells/ml), unfavorable (noncontrollers; VL of Ͼ16,000 copies/ml and CD4 count of Ͻ450 cells/ml), and remaining (intermediates) VL and CD4 count combinations.
b Assessed by rank score Cochran-Mantel-Haenszel test for trend. c POR, proportional odds ratio. d B22 serogroup includes B*54 to B*56.
B*56]) reduced the strength of association, but the higher frequency of B7s among noncontrollers remained significant (P ϭ 0.02).
As in previous studies of HIV-1-infected native Africans (23) and North Americans from the SCOPE cohort (8) , here too the small number of B*81 carriers (n ϭ 14) within the B7s supertype tended to differ from carriers of other B7s alleles in demonstrating a trend toward disease control (6.6% B*81 carriage in controllers versus 2.2% in noncontrollers; P ϭ 0.15). In the present study, after exclusion of B*81 carriers, the remainder of those with B7s showed an even stronger association with poor disease control (P ϭ 0.005). Similar to B7s, B44s was associated with noncontrol (POR, 1.63; 95% CI, 1.1 to 2.5), even after excluding B*44 and B*45 alleles (P Ͻ 0.05). B58s (POR, 0.33; 95% CI, 0.21 to 0.52) was associated with control that was heavily determined by B*57 alleles (POR, 0.11; 95% CI, 0.05 to 0.22). However, neither the strong protective effect observed elsewhere for B*5801 (22, 27) nor the strong deleterious effect observed elsewhere for B*5802 (22, 23, 27 ) was observed in our study.
Although relatively few subjects carried B62s (n ϭ 14), it was also associated with disease control (POR, 0.26; 95% CI, 0.1 to 0.7). B27s (POR, 0.77; 95% CI, 0.5 to 1.2) showed no overall association with disease status and only a minimal protective effect after exclusion of two individual alleles with opposing associations: favorable for B*14 (POR, 0.3; 95% CI, 0.1 to 0.7) and unfavorable for B*1510 (POR, 2.2; 95% CI, 1.0 to 5.0).
Supertypes and continuous HIV-1 outcomes. We detected no significant differences in the VL or CD4 count slopes across sequential patient visit intervals based on the possession of any HLA-A or HLA-B supertype. Hence, fixed supertype effects on these two outcomes were estimated from the multivariable models accounting for patient age, cohort membership, and the HLA class I alleles with widely recognized effects on disease control (Table 3 ). In general, our findings from the VL analysis and, to a lesser extent, the CD4 count analysis, paralleled those in the categorical assessment of disease control. Although differences in CD4 count by HLA-B supertype were not statistically significant, the trends for the associations with CD4 count paralleled the effects of the supertypes on VL. No such parallel effects on VL and CD4 count were detected for HLA-A supertypes.
After all adjustments for the effects of individual alleles highlighted above, B7s (ϩ0.22 ⌬log 10 VL; P ϭ 0.05) and B44s (ϩ0.39 ⌬log 10 VL; P Ͻ 0.001) remained associated with higher VLs. B62s (Ϫ0.49 ⌬log 10 VL; P ϭ 0.03) and B27s (Ϫ0.25 ⌬log 10 VL; P ϭ 0.05) remained associated with lower VLs. Again in contrast to the case for HLA-B, with analysis adjusted for the effects of individual contributing alleles, there were no significant associations between HLA-A supertypes and continuous HIV-1 outcomes.
Genotypic supertypes (GS) at the HLA-B, but not HLA-A, loci were differentially associated with HIV-1 outcomes (Fig.  1) . Specifically, GS comprising favorable combinations of maternal and paternal B58s, B62s, and B27s showed effects contrasting with those of unfavorable combinations of B7s and B44s. Those GS at the B but not the A locus that were associated with lower VLs and higher CD4 counts also tended to occur at lower population frequencies (r Ͼ 0.6; P Ͻ 0.05) (Fig.  1) . The correlation between the supertype frequencies and viral load was comparable between the two subcohorts (r ϭ 0.7 and P ϭ 0.01 for REACH and r ϭ 0.62 and P ϭ 0.025 for HERS).
Having demonstrated independent associations of infrequent HLA-B alleles with VL (unpublished data), we investigated specific contributions of these B alleles and their population frequencies to the heterogeneity in VLs among B locus GS (Table 4) . We found that the percent reductions in explainable VL variation attributed to B58s (53%) overall and to B*57 (45%) in particular were substantially higher than the contri- (44) . We found that 57% of the VL variation was explained by the cluster of GS including B58s-B7s, B58s-B44s, B27s-B44s, B58s-B27s, B58s-B58s, and B58s-B62s. Our analysis thus supported a dominant model for B58s and further highlighted the major contribution of B*57 alleles to the explainable variation in VLs across the GS.
DISCUSSION
In our study of clade B HIV-1 infections among African Americans, HLA-B but not HLA-A supertypes were associated with disease control. Our analysis further demonstrated the importance of individual alleles at the B locus compared with those at the A locus. Associations of B7s and B44s were consistently disadvantageous for disease control overall and separately for VL and CD4 count. The latter are the most prevalent HLA-B supertypes in both African Americans and Caucasians (34, 44) . Our findings corroborated the few previous studies on the effects of HLA-B supertypes broadly in Caucasians (34, 44) and of B44s specifically in native Africans (28) . The consistently favorable overall associations of B58s with disease control and with VL and the favorable association of B62s also agreed with published findings.
Associations between supertypes and HIV-1 outcomes have been demonstrated in previous studies of Caucasians with clade B infection (34, 44) and of native Africans with clade A or C infection (23, 28) . Caucasians in one study showed an unfavorable effect of B7s and a favorable effect of B58s on HIV-1 control (44); in another study, Caucasians with the relatively infrequent B58s, B27s, and B62s supertypes showed enhanced CTL responses, while the more frequent B7s and B44s supertypes were associated with diminished CTL responses (34) . Among native Africans, carriers of A2s, A24s, B27s, and B58s, but not B44s, had lower VLs and more vigorous CTL responses to total Gag, Gag p24, and Nef (28) .
Whether the effect of a particular supertype is driven by one, several, or all of the individual class I alleles currently assigned to that supertype has received little attention. In one population of European ancestry (44) , the advantage of B27s alleles persisted after excluding carriers with favorable B*27 alleles and the disadvantage of B7s alleles persisted after removing unfavorable B*54-56 (6) and B*35 (12) alleles. These findings The pattern of association with B7s described above has an exception: B*81 appeared to predispose individuals to more favorable HIV-1 outcomes here and elsewhere (8, 23) .
As a largely African allele, B*81 was only recently assigned to B7s (39) , based on predictions from its three-dimensional protein structure of a preference for proline at position 2 of the binding epitope (7) . Important functional differences between various B7s alleles that present cross-reacting epitopes were previously detected among clade C-infected Africans (24) . Any of several mechanisms may explain this within-supertype allelic heterogeneity, including frequency, magnitude, immunodominance, or avidity of allele-specific CTL responses, as well as distinct T-cell receptor (TCR) usage by the individual alleles. In this study, B*81 accounted for only 6% of B7s alleles, and overall the remainder were disadvantageous.
As a whole, B44s (largely represented by B*44, B*45, and B*49) also appeared to be disadvantageous for disease control. All individual B44s alleles tended toward an association with poorer control (data not shown). These findings have extended the recognition of B44s as disadvantageous for multiple human ethnic groups and viral clades.
In contrast, the strongly protective B62s supertype was the least prevalent in both cohorts. The latter supertype includes B*13, an allele implicated repeatedly in protection against HIV-1 (4, 18, 42). Interestingly, only 2 of 14 African Americans with B62s carried B*13 in our study; 9 carried B*52, an allele not previously associated with prognosis of HIV-1 infection. Since both B*52 and B*13 appear to share an affinity for glutamine at position 2 of binding epitopes, B*52 may successfully target an immunodominant CTL epitope(s) that crossreacts with B*13 (e.g., epitope R19 in Nef) (18) . The low B62s population frequency, perhaps along with protective Bw4-80Ile specificity (10, 30) of its two common members, may have contributed to its favorable effect.
The observed relationships between supertype population frequencies and HIV-1 outcomes in the REACH and HERS cohorts separately and in aggregate are consistent with earlier findings (34, 44) . On the other hand, infrequent individual HLA-B alleles accounted in aggregate for only a modest portion of explainable VL variation across supertypes at the genotypic level; the magnitude of this effect was similar to that seen with more common individual HLA-B alleles. Because any advantage conferred by infrequent individual HLA-B alleles likely reflects past negative selective pressure by more than just a single pathogen, infrequent HLA-B alleles might not be expected to exert great control of HIV-1 disease. Despite this lower magnitude of effect on HIV-1 outcomes, infrequent class I alleles remained consistent in their association with lower VLs (Ϫ0.26 ⌬log 10 VL; P Ͻ 0.005) in the multivariable analysis restricted to the carriers of the two most frequent HLA-B supertypes (i.e., B7s and B44s).
The disproportionate contribution of a single B58s allele (B*57) to the VL heterogeneity among genotypic supertypes highlights the uniqueness of B*57 alleles in conferring highly effective natural immunity to HIV-1. In our study population, the number of carriers of the African B*5703 allele (n ϭ 28) outnumbered those with the Caucasian B*5701 allele (n ϭ 8), but the protective associations were quite similar. In additional exploratory analysis, the trend toward an association between B*1516 and -17 and lower VLs was in the direction predicted by other work (11) . Our earlier investigation of B58s alleles among clade A-and C-infected native Africans demonstrated contrasting effects of B*57 and B*58 alleles on HIV-1 control (23). Here we found no appreciable effect of either B*5802, established as unfavorable, or B*5801, established as favorable.
Although B*27 alleles have repeatedly been associated with favorable outcomes (12, 19, 20) , B27s did not show a clear trend toward an association in either direction, for two reasons: B*27 alleles are relatively rare in individuals of African ancestry, and the effects of two other major B27s alleles (B*14 and B*1510) offset each other. Alleles of B*14, with or without its closely linked Cw*08 allele, have been associated with protection against HIV-1 (19, 26) . In addition, B*14 appears to be more frequent among subjects with immunodominant CTL responses toward Gag p24 epitope SG20 (15) . B*1510 occurs more frequently among Africans than among Caucasians, but no prior epidemiologic association has been reported for this allele in the context of HIV-1. Our multilevel model (Table 4) also reflected a mixed picture for B27s; genotypic supertypes containing it accounted for a modest 10% increase in viral load heterogeneity. Our results support the suggested reallocation of B*1510 from B27s into the novel B39 supertype (25) , which a All estimates were derived from random-effect multilevel models. b Adjusted for individual cohort. c Corresponding to percentage of explainable log 10 VL variation and quantified as the percent difference in variation of VL attributed to each HLA marker included in the model ͓(baseline intercept Ϫ intercept) ϫ 100/baseline intercept͔, with positive values indicating a decrease and negative values indicating an increase in VL variation (e.g., B27s or B*1510).
d Based on HLA-B population frequency distribution below the median (4.4%).
would leave the remaining B27s alleles showing uniformly favorable effects.
Our study had limitations. With 338 subjects, it was underpowered to study alleles at frequencies of Ͻ2%. Despite the sample size, it was the more frequent HLA-A supertypes that failed to show any evidence of association with disease control. Although the apparent heterogeneity of our two subcohorts (e.g., in median VL) might have precluded combining them, their close resemblance in the distribution of HLA markers (all with P values of Ͼ0.1) and in their median values for CD4 cell counts justified doing so. Moreover, the observed population differences in median VL were most likely due to the distinct methods for quantifying HIV-1 plasma RNA levels. Nevertheless, we further adjusted our analysis for individual cohort membership.
Our study was the largest to date to examine the relationship between HLA class I supertypes and HIV-1 outcomes in African Americans, the first to include a systematic assessment of the effects of individual class I alleles within each of the supertypes, and the first to analyze the contributions of individual class I alleles and their population frequencies to the differences in VLs among genotypic supertypes. Multilevel randomcoefficient regression enabled us to address the hierarchical structure of the data in a flexible framework for analyzing the heterogeneity of VL, as predicted by both the HLA class I alleles (i.e., individual level) and their supertypes (i.e., group level).
The consistent demonstration of complementary influences of HLA-B supertypes and individual HLA-B alleles may focus attention on functional convergence in HLA polymorphism. Strong, consistent evidence for supertype effects could guide the development of multiepitope-based HIV-1 vaccines. Finally, the techniques introduced here to analyze the hierarchical relationships of HLA supertypes and their component alleles should be applicable to future studies of HLA in other infectious diseases.
